Plants and animals both exhibit parental imprinting, but do they control it the same way? Recent studies show that in Arabidopsis, as in mammals, imprinted alleles are subject to DNA methylation -but, surprisingly, the default state is silence rather than activity.
Genomic imprinting -the monoallelic expression of a small subset of genes depending on their parent of origin -is found in flowering plants and mammals, and various lines of evidence suggest that imprinting in both phyla uses a common epigenetic mark provided by DNA methylation [1] [2] [3] [4] . In mammals, silent alleles of imprinted loci are targeted for methylation of cytosine residues during gametogenesis, while expressed alleles generally remain relatively undermethylated. Silenced alleles are then protected from global demethylation during early embryogenesis to acheive monoallelic expression later in development. In short, imprinting in mammals is a process of selective silencing and the default state is activity. Given the convergent features of imprinting in plants and animals it was expected that targeted silencing of imprinted genes would also be found in plants. But two new studies [5, 6] of imprinting in the model plant Arabidopsis thaliana, while reinforcing a pivotal role for DNA methylation, suggest that plants employ a radically different strategy in arranging for silence versus expression of imprinted genes.
Xiao et al. [5] and Kinoshita et al. [6] report that genomic imprinting in plants involves the antagonistic activities of two DNA modifying enzymes, DNA methyltransferase 1 (MET1), which maintains cytosine methylation at CpG sequences, and DEMETER (DME), a DNA glycosylase that may excise 5-methylcytosines. MET1, the ortholog of mammalian DNMT1 -an established component of the imprinting machinery -had previously been implicated in plant imprinting [2] . Unexpectedly, however, the recent studies show that DME is apparently required in female gametes to activate the maternal alleles of two imprinted genes by counteracting MET1-mediated methylation. A significant implication is that the silent, hypermethylated state of at least two plant imprinted genes is the default condition, so that expression of maternal alleles requires a positive action on the part of the mother.
The new findings of Xiao et al. [5] build upon impressive progress made by the Fischer lab [7] in understanding the regulation of the Polycomb group gene MEDEA (MEA). MEA restricts development of the endosperm, where it is expressed solely from the maternal allele; this gene is also biallelically expressed in embryo, at least from torpedo stage [8] . Choi et al. [7] found that activation of MEA in the central cell -one of the two female gametes and progenitor of the endosperm (Figure 1) -is controlled by DME, which is expressed primarily in the central cell. DME is not normally expressed in endosperm but ectopic expression there activates the paternal copy of MEA. Choi et al. [7] hypothesized that DME 'marks' the maternal MEA allele for continued expression during endosperm development, possibly by removing methylated cytosine residues. Mammalian DNA glycosylases and ROS1, an Arabidopsis DME homologue, excise 5-methylcytosine from DNA [9,10]; consistent with this, DME induces breaks in the MEA promoter [7] .
To clarify the nature of the 'mark' made by DME, Xiao et al. [5] searched for genetic suppressors of dme mutations. In the absence of maternal DME, MEA expression also fails to occur in the central cell, causing overproliferation of the endosperm and consequent seed abortion. Four suppressor lines which restore seed viability in dme/+ heterozygous plants were identified, and all the mutations mapped to the same gene -MET1.
How does loss of MET1 activity restore a dme mutant endosperm to health? Previous work has shown that paternal gametes from plants with reduced MET1 activity also reverse the lethal endosperm overproliferation associated with mea mutations, even without a functional MEA gene in the seed [11] . This suggests that hypomethylation mediated by loss of MET1 function circumvents MEA and acts on genes with opposing functions to targets of MEA [12] . However, Xiao et al. [5] ruled out a similar explanation for rescure of dme mutations by showing that met1-mediated suppression of the dme phenotype requires a functional maternal copy of the MEA gene, and also that MEA, while silent in the dme background, is reactivated by a maternal met1 mutation.
Further experiments, using a pMEA::GFP reporter gene, revealed that MEA was silent in a dme background, but its activity was restored when dme and met1 mutant alleles were brought together in the same ovule. This shows that MET1 does indeed repress MEA promoter activity in a dme mutant central cell. Moreover reporter expression persisted in the endosperm despite the presence of a paternally derived, wild-type MET1 gene, indicating that MEA is protected from remethylation during subsequent zygotic development. These findings suggest a model in which methylation and silencing of MEA are maintained by MET1 in the sperm, where DME is not expressed, but lifted in the central cell by DME (Figure 1 ). After fertilisation, the methylation pattern of each allele is maintained, presumably by MET1.
One caveat was that Fischer's group [7] had failed to detect methylation in the MEA promoter. However, reexamination of a longer sequence upstream of MEA revealed three regions with significant cytosine methylation in DNA isolated from stamens, where MEA is not expressed, and seed, where the paternal copy of MEA is silent. Most of this methylation is lost in DNA derived from met1 seeds. Xiao et al. [5] concluded that MET1 is required to maintain cytosine methylation within the MEA promoter. This hypothesis would be strengthened by experiments that directly address whether methylation silences the paternal MEA allele or the maternal allele prior to the activity of DME, and whether its loss in a met1 background results in activation of the paternal MEA allele. Kinoshita et al.
[6] went on to investigate whether DME also features in the maternal activation of FWA. As expected, both the maternal FWA allele and an FWAdriven reporter gene were silent in dme mutant embryo sacs, suggesting that FWA expression does require maternal DME. The effect of loss of maternal met1 activity on FWA expression was not investigated in dme mutant embryo sacs. Of course, for FWA it would be desirable to have a direct demonstration that the promoter is methylated in the silent paternal allele. Nevertheless, it appears that MET1 is required to silence the only known paternally imprinted genes in Arabidopsis -no maternally silenced genes have yet been reported in this species -and that DME is required in the central cell to counteract this silencing.
In mammals, methylation-based imprints associated with silent alleles are preserved during an early stage of embryogenesis, when DNA is largely purged of methylation [1, 4] . In the case of the male genome the demethylation process is active [13] , and possibly involves a DNA glycosylase [9] . Imprints are established during gametogenesis after the germline has been wiped clean of methylation and 'reset'. To account for the radically different behaviour in plants, Xiao et al. [5] and Kinoshita et al. [6] postulate a 'one-way' control of imprinting in Arabidopsis: as the endosperm is a deadend tissue and cannot contribute to the germline, this negates any requirement to erase and apply new imprints each generation.
An alternative explanation is that because plants develop a 'second generation' -the gametophytebetween meiosis and gametogenesis, there is an opportunity for alleles to undergo epigenetic modification before they enter the gametes [14] . This, for example, could explain how DME can be activated in one female gamete (the central cell) but apparently not the other (the egg). Neither model, however, explains how MEA is activated in the embryo despite apparent lack of DME expression in either egg or sperm; clearly there are many exciting developments ahead in the investigation of imprinting in plants.
